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Abstract 
Daylight represents a free source of illumination of building’s internal spaces. Tubular daylight devices (TDDs) are simple means 
of directing daylight (diffuse and direct light) into interior spaces and underground spaces. Many predict models of TDDs have 
been developed during the past years, but most of them were established based on only a few experiment results of TDDs with no 
generality. In this paper, a new mathematic model on the basis of daylight coefficient method for TDDs’ light transfer 
characteristic was presented, which makes it feasible to calculate the time series of efficiency of TDD, and an energy saving 
analysis of an underground garage using TDDs was introduced in this paper based on Beijing daylight climate data, from which 
the huge energy saving potential of TDD was clearly shown. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction
Daylighting undoubtedly is seen as an important means for energy conservation in buildings. Effective
daylighting will reduce not only the need for electric lighting but also for air-conditioning, due to less heat 
dissipation from artificial light fittings.[1]  For a variety of reasons, however, the traditional daylighting device is not 
always an ideal source of illumination. The challenge, therefore, is to develop means of utilizing both direct and 
diffuse natural light in buildings while maintaining and improving occupant visual comfort, particularly at greater 
distances from the external walls. [2] The application of TDD provides the means of introducing daylight into poorly 
lit environments.  
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TDDs are linear devices that channel daylight 
into the core of a building. They are constructed 
of three components: a dome, a pipe, and a 
diffuser (see Fig. 1). The dome is typically a 
hemisphere made of clear plastic, which allows 
daylight into the pipe while keeping exterior 
weather out. The pipe is assumed to be a smooth 
cylinder with a highly reflective inside surface. 
The surface is usually either bare polished metal 
or a special reflective sheet adhered to the inside. 
The pipe passes through one or more transition 
zones, channeling the daylight from the dome to 
the diffuser via multiple reflections. The diffuser 
is typically a prismatic or frosted plastic cover. 
The diffuser evenly distributes the daylight to the 
zone. [3] 
2. Daylight coefficient computation method for
efficiency of TDDs
TDDs, varying in size depending on the application, that reflect the sunlight and diffuse skylight into a given 
interior space. This obviously requires a reasonably accurate design tool so that it is possible to put forward a 
specific configuration for any situation that might require a minimum illuminance at a specific surface. 
Many experimental studies and mathematical models were completed for the TDD evaluation. [5] Some predictive 
models of indoor illuminance were derived, e.g. Laouadi and Atif (2001) [6], Zhang and Muneer (2002) [7], Carter 
(2002) [8], but most of them were not universal as developed based on one or several specified TDDs. M. 
Kocifaj(2008) [9] established a physical model for interior illuminance calculation HOLIGILM on the basis of 
raytracing technology. There is no doubt that the mentioned researches play an important role to promote the 
application of TDDs. 
But one challenge for evaluating the performance of a particular TDD all these research didn’t solve, is that 
surrounding sky conditions constantly change following complex diurnal and seasonal patterns. This leads to 
thousands of different sky conditions under which a particular TDD should ideally be tested. A barrier towards even 
trying to simulate multiple sky conditions used to be that traditional daylight simulation programs only carried out a 
simulation under one sky condition at a time, usually the CIE overcast sky (to calculate the daylight factor) or the 
CIE clear sky at noon on solstice or equinox days. The conventional daylight factor (DF) method only provides 
interior illumination levels at a reference point for a particular sky existing at that instance, but not for the time 
varying nature of the sky luminance distribution, which would more accurately represent conditions from an hourly 
weather file. 
2.1. Daylight coefficient method[10] 
In 1983, the concept of daylight coefficient DC  that relates the luminance distribution of the sky to the 
illuminance at a point in a room was developed by Tregenza and Water, which is a powerful and efficient method to 
perform annual daylight illuminance simulation. The daylight coefficient, αγ , is expressed as: 
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Fig. 1. Schematic of typical tubular daylight device[4] 
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Where αγΔ is the illuminance ultimately produced at a point in a room by a small sky element at elevation γ
and azimuth α , αγ  the luminance of the element (cd/m2), and αγΔ the angular size of the sky element (sr).
The daylight coefficient depends on the position of the elemental light source with respect to the room 
orientation, the room geometry, the optical characteristics of the room indoor surfaces, any outdoor obstructions, and 
the optical behavior (transmission, reflection and light scattering) of the fenestration system through which light is 
admitted into the room space. It is, however, independent of the sky luminance distribution. If the sky-diffuse 
component was divided into n angular zones, then the illuminance produced by the sky can be written as: 
¦ Δ= nin SLxDCxE
1
)()( αγαγαγ  (2)
Working with daylight coefficients is by definition a two-step process: first calculating daylight coefficients, then 
folding them against time-varying luminance. In practice with DF method, annual time series require a substantial 
amount of storage space: an annual one-minute time series of illuminances consists of 525 6001 real numbers for 
each sensor. DC data, however, consists only of a few hundred to a few thousand real numbers per sensor, depending 
on the sky division scheme. In addition, such time series would need to be recalculated from scratch if the building 
scene is changed or located elsewhere in the world. Using Equation 2, accurate annual daylight simulations can be 
carried out within minutes for any daylight climate situation. It is indeed more useful to think of daylight coefficient 
data as an intrinsic building property that describes how a building’s form, its surface properties and the surrounding 
objects affect available daylight, comparable to a building's overall airtightness on energy use. 
2.2. Computation Method for TDD’s Daylight Coefficient 
In 2011 Wang Shuxiao and etc. developed a new mathematic model for computation of TDDs’ daylight 
coefficient, which made it feasible to calculate the time series of efficiency of TDD. [11] Because the TDD can be 
treated as a complete symmetrical device, so its transport property has nothing to do with the altitude of the sky 
element. The following parameters of TDD are used for the model. 
• Optical properties of the TDD components (the reflectance of the pipe internal surface ρ , the transmittance
of the diffuser dτ and collector cτ );
• The length ( l ) and radius ( R ) of the pipe;
We can consider that there is a light ray emitted from a small sky element at elevation γ , intersects the entrance 
surface of the pipe at the point P(x, y) along the x axis. According to geometry optics theory, the light ray has the 
following transfer characteristics in the TDDs: 
1) The vertical distance between two neighboring reflections on the light guide surface is constant value:
γtan2 22 yRz −=Δ   (3) 
So the light ray will exit the pipe after n reflectance, and the value of n can be derived according to Eq. (3) as 
followed: 
)/)tan)((( 22 zyRxlIntn Δ⋅−++= γ  (4) 
Where the value range of is ][ 2222 yRyR −−−  , and the operand Int applied to any real value returns 
the truncated whole number (e.g. Int(3.254) = 3). 
2) From Eq. (3), we find the value of zΔ  is independent of x , so we can find another characteristic of TDD, that
the values of vertical distance between two neighboring reflections on the light guide surface of the light rays 
emitted from the same sky element at elevation γ  which intersect the entrance surface of the pipe on the strip 
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paralleling the projection of these rays is the same. So the range for number of reflections within the interior of pipe 
of these rays is )]1)/((),/([ +ΔΔ zlIntzlInt . So the DC value of TDD for a sky patch can be expressed as 
followed: 
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And for the direct sun light, which is hard to be expressed in terms of luminance and solid angle but illuminace, 
the Eq. 2 can be written as followed: 
sunsunsunsunin EDCxE )()( - γ=                                                                             (6) 
Where sunγ is the elevation angle of the sun, sunE  is the measured horizontal direct illuminance at the 
calculation condition, and )( sunsunDC γ  is the corresponding daylight coefficient of the sun, which can be 
expressed as followed: 
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The accuracy of the mathematic model has been proven to be reasonable (error margin within 0.3%) for all 
targets by large amount of simulation with software Tracepro, which means that the numerical analysis method has 
the same accuracy the software, but can reduce tremendous time by avoiding model development and improving the 
computation efficiency immensely. 
3. Daylight coefficient computation method for efficiency of TDDs
So on the basis of Eq. (2) and Eq. (5)-(7), we can derive the output lumen of the TDD at a specified situation as 
followed: 
)()()()()()(
1
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And the efficiency of TDDs can be calculated by the following formula: 
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Where if the αγL is the measured luminance value of the sky patch, which means 1=η  and the horizontal 
diffuse illuminance value at the calculation condition can be expressed as follow: 
¦ Δ= ndiffuse SLE
1
sinγαγαγ   (10) 
If αγL is calculated according to one of the fifteen standard sky luminance distribution developed by CIE [12], and
diffuseE  is the measured value of the horizontal diffuse illuminance at the calculation condition,  so the value of η  
can be calculated by following the formula: 
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From the Eq. (9)-(11) we can draw a conclusion that after the computation procedure on DC values according to 
parameters of the TDD, the calculation on efficiency of TDDs is only relevant with the sky luminance distribution 
and horizontal direct illuminance of the sun, which makes the calculation of the efficiency of TDDs under different 
daylight climate situation feasible with much faster computation speed. 
4. Energy saving analysis of TDDs on the basis of Beijing daylight climate data
4.1. Beijing daylight climate data 
Daylight climate data is the precondition for daylighting design, calculation and study. In 1980’s, in order to learn 
the situation of the daylight resources in China, researchers of China Academy of Building Research studied the 
daylight climate by using luminous efficacy model. [13] Based on the hourly simultaneous observation of daylight 
illuminance and solar radiation in 14 stations for two years, the researchers used latitude, altitude, annual average 
humidity, annual sunshine hours, annual average cloud cover and other parameters, to establish a luminous efficacy 
model through regression analysis, and obtain annual average global and diffuse illumiance of 137 cities in China 
with the average irradiance data of past 30 years. In 1990’s, China has also participated in the International Daylight 
Measurement Program (IDMP) and establishes daylight climate stations for further observation, and finally 
developed the daylight climate database. 
In this paper, we make an energy analysis of TDDs on the basis of Beijing daylight climate data. The annual 
average global illuminance of Beijing is 37907 lx, and the diffuse value is 14568 lx. The monthly average global 
illuminance of April is the highest. The difference between the global and diffuse values show that sunny days 
account for main part in Beijing. According to the typical yearly illuminance data, we can get the daylight utilizing 
hours under different outdoor illuminance: The yearly total hours of the illuminance above 5000 lx is 3884 h, and the 
value above 10000 lx is 3506 h, 3167 h and 2815 h for 15000 lx and 20000 lx respectively. 
a b 
Fig. 2. Curves of TDD’s efficiency under CIE standard clear sky (a) , and partly cloudy sky(b) 
4.2. Energy saving analysis of TDDs 
The computation parameters values of TDD: the reflectance of the pipe internal surface ρ is 0.96, the 
transmittance of the diffuser dτ and collector cτ are 0.89 and 0.88 respectively, the length ( l ) and radius ( R ) of the
pipe are 3.5 m and 0.6m respectively. We conduct the calculation of efficiency of TDD under the CIE standard skys 
with the DCCM, and the efficiency of TDD is a fixed value 0.565 under the CIE standard overcast sky, but for the 
CIE standard clear sky and partly cloudy skies, the value changes with time as Fig. 2 shown.  And on this basis,we 
can also get the curve of TDD output lumen according to the Beijing daylight climate data and DCCM (see Fig.3). 
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The project we analyzed is a garage 
installed 19 TDDs, the standard value on 
illuminance and lighting power density of 
which is 75lx and 5W/m2 respectively in 
China according to national standard. [14] The 
mounting spacing of the TDDs is 8.4m. 
According to the Fig.3, we can know that 
there are 2710 hours in which the TDD’s 
output lumen is more than 15000 lumens. 
This means that the electricity saved by use 
of TDDs is 18166 kWh with auto on/off 
control systems, and another 4519kWh can 
be achieved by the auto dimming control 
systems. 
5. Conclusion
From the above mentioned research, we can draw the following conclusions:
1) The application of TDD provides the means of introducing daylight into poorly lit environments, which has a
huge potential for electric energy saving. 
2) The computation results of TDD’s efficiency under CIE standard clear sky and partly cloudy skies also further
demonstrates the necessity of the research on dynamic computation method for TDD efficiency. 
3) As a very important reference for daylighting design, calculation and study, there is a huge demand on
observation of daylight climate, especially for sky luminance distribution. 
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